2 ABSTRACT A comprehensive research protocol including experiments and calculations was employed to investigate the intercalative interaction between metallointercalator copper(II) complex and DNA. The intercalative binding mode has been validated by UV spectra, fluorescence spectra, CD spectra and viscosity measurements. The classic molecular dynamics simulation was first carried out to investigate the intercalative interaction between asymmetric copper(II) complex and DNA. A new analytical method was proposed to simulate the dynamically changing absorption spectra of complex/DNA intercalation system. According to the established model, the changing process of the electronic absorption spectra for complex/DNA intercalation system can be predicted accurately. A rational explanation for change law of absorption spectra has been proposed. Moreover, the analyses of the frontier orbital reveal that the red shift of the absorption spectra is due to the increase of π orbital energy caused by the coupling of the π orbital of the intercalated ligand with the π orbital of DNA.
INTRODUCTION
Over the past decade, the interactions of transition metal complexes with DNA have received great attention and become one of the hot topics owing to their potential applications such as DNA-structure probes 1 , DNA-dependent charge transport probes 2 , DNA-molecular "light switches" 3 , DNA-photocleavage reagents 4 , and anti-cancer drugs 5 . Although there are a lot of complexes that can be used for these applications, metallointercalators, transition metal complexes which bind DNA primarily by intercalation, are considered the most effective class of molecules 2.6 .
Intercalators containing an extended aromatic planar ligand intercalate into DNA base pairs with π-electron system interactions, and the intercalative interaction can stabilize, lengthen, stiffen, and unwind the DNA double helix 7 . These structural changes can influence biological activity of nucleic acid, which often causes the inhibition of transcription and replication, and DNA repair processes. However, it is difficult to essentially understand the information mentioned above, unless we can obtain more details of drug-nucleic acid interactions at the molecular level 8 .
Although a wealth of metallointercalators have been fabricated and their interactions with DNA have been extensively studied by UV-vis absorption spectra, emission spectra, viscosity measurements, circular dichroism spectra and gel electrophoresis, etc 6.9 , it is still difficult to elucidate the structural details of complex-DNA adducts from the X-ray and NMR studies. In this situation, the theoretical approach is a useful method to get the detailed information that is hardly to obtain from the experimental investigations. To the best of our knowledge, only a few theoretical calculations have been performed to predict the binding mode between metallointercalators and nucleic acid at molecular docking 10 , molecular mechanics (MM) 11 , quantum mechanics/molecular mechanics (QM/MM) 8b.12 , density functional theory (DFT) 13 level. However, it is well known that the quantum chemical calculations for the complex-DNA interactions are too expensive since these systems are usually too large for general computer capabilities, and it can normally only process the system with a complex and two base-pair fragments 13 . Molecular dynamics (MD) calculations provide powerful tools for understanding the structural and dynamic characterization of biological macromolecules involving nuclear acid 14 , which could further guide us in solving various biological problems, such as DNA-binding/cleavage mechanisms 15 . However, the accuracy of MD simulation results for the metal complexes basically relies on the force field parameters of complexes [15] [16] . Recently, we found that MD method was used to study the structural predictions for the interaction of transition metal complexes with DNA through groove binding 15.16b.c force field and the generalized GAFF 27 force field were applied for the DNA and complex, respectively. For the complex, the restrained electrostatic potential (RESP) 28 charge approach was used to derive atomic charges since RESP charge is one of the most widely used and well-behaved charges for MD simulations. First, the electrostatic potential representing atomic charges for the investigated complex based on the optimized geometries were calculated at B3LYP/6-31+G* level using the Merz-Kollman scheme 29 . Then the RESP charges were derived using Antechamber.
For MD simulations, the classic copper parameters r vdw = 0.96 Å and ε well = 0.01 kcal/mol were appointed 30 , and missing parameters of complex were built using the parmcal tool of the AMBER package on the basis of the structure determined by DFT calculation (selected force field parameters were listed in SI2).
Simulated system. In order to make our simulated system more representative, the iodinated dIU base of DNA in the docking result was manually altered into native thymine 25 , so the final DNA fragment for MD simulations was the 8-mer duplex d(5'-GTTGCAAC-3'). The simulated complex-DNA adduct contained a d(5'-GTTGCAAC-3') duplex and the [Cu(HPB)(L-Ala)] + complex intercalated into the GC step of DNA. Moreover, MD simulations for free complex without DNA and free DNA duplex without complex were respectively performed in order to check the accuracy of parameterization and make a comparative study. For each of the simulated systems, the TIP3P water model box extended 12 Å in all directions was added and the total charge was neutralized by adding appropriate Na + or Clˉ ions at physiological concentration in the box.
MD simulations. Periodic boundary conditions (PBC) were applied and Particle
Mesh Ewald (PME) method 31 was used to calculate the electrostatic interactions. The values of nonbonded cutoff were set to 10 Å for the real part of the electrostatic interactions and for the van der Waals interactions. Bonds involving hydrogen were constrained and a time step of 1 fs was used. Before the MD run, the energy of these systems was minimized to remove conflicting contacts. First, water molecules and counterions were relaxed through 10000 minimization cycles (2000 steepest descent plus 8000 conjugate gradients) while the solute was constrained using a harmonic potential with a force constant of 100 kcal mol -1 Å -2 . Then, the whole system was relaxed for 2000 conjugate gradients cycles with no restraints. The systems were then heated gradually from 0 to 300 K in 100 ps of NVT MD with a force constant of 50 kcal mol -1 Å -2 on the solute. Subsequently, restraints were then released for 100 ps of simulation at 300 K. Then, 200 ps of NPT MD were carried out at normal pressure (1 atm.) . Finally, for each of systems, 10 ns simulations were carried out for data collection with coordinates saved every 1 ps during the entire process. All minimizations and MD simulations were performed by using the PMEMD module of AMBER 12 program package 32 . The Root Mean Square Deviations (RMSD), which were used to assess the relative motions and the stability of the whole system, were calculated using the ptraj module of AMBER. Structural parameters of DNA (rise, twist) were calculated with X3DNA program 33 .
The calculation of absorption spectra. The geometries for the absorption spectrum calculations were obtained from the corresponding MD simulation results at 10 ns.
Since the obtained DNA-complex adduct was a macromolecular system, we sheared the DNA fragment, and only the complex with two base pairs (GC/CG) around it was retained. 10 Based on the sheared model, the electronic absorption spectrum in methanol solution was calculated by the time-dependent DFT (TDDFT) at the level of b3lyp/3-21g* associated with the conductor polarizable continuum model (CPCM).
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Moreover, to further study the insertion behaviors of the complex, the absorption spectra of free complex and free GC/CG base pairs were calculated at the same level.
The GC/CG was sheared from the free DNA. On the basis of the TDDFT calculations, the spectra were afterward simulated, using GaussSum 2.2, 34 with the fwhm value of 6000 cm -1 . Viscosity measurements are sensitive to length changes of DNA and are regarded as the most critical test for binding mode. 36 The effects of the complex and EB on the viscosities of CT-DNA are shown in Figure S1 (see SI3). EB, a well-known DNA intercalator, can strongly raise the relative viscosity by lengthening the DNA double helix through intercalation. As revealed in Figure S1 , upon increasing the amounts of the complex, the relative viscosity of DNA increases similarly to the behavior of EB.
RESULTS AND DISCUSSION
This observation suggests that the principal mode of DNA binding by the complex involves base-pair intercalation, 37 which is in agreement with the results obtained by electronic absorption, fluorescence spectroscopy (see SI4) and circular dichroic spectroscopy (see SI5).
Structural and electronic characteristics. The optimized geometry of [Cu(HPB)(L-Ala)] + with the atomic labels is shown in Figure 2 . The complex has a square-planar structure, in which the central Cu 2+ cation coordinates with three N atoms and one O atom. Furthermore, the DFT computational results for some selected bond lengths and angles of the complex are labeled in Table 1 each of these systems has reached an dynamical equilibrium during the whole simulations (see Figure S5d ).
In order to check the accuracy of force field parameters for the DNA and complex, 10 ns MD simulations for free [Cu(HPB)(L-Ala)] + complex and free DNA were performed. For the free complex, the initial structure was taken from the DFT optimized structure. As shown in Table 1 , the average structural parameters of MD simulations are similar to those of experimental data, and even some bond parameters are more close to the experimental data than DFT calculations. For example, the average bond length of Cu-N1 around 1.99 A˚ is the same as the value in the crystal structure, while the corresponding bond length in DFT optimized structure is 2.02 A˚.
Moreover, the obtained trajectories were analyzed using RMSD with reference to the experimental structure (see Figure S6a in SI8). The RMSD of non-hydrogen atoms of the complex is small (averaged RMSD = 3.42 Å). The good agreement between simulation and experimental observation for [Cu(HPB)(L-Ala)] + suggests that the MD simulation using our developed force field parameters and RESP charges can satisfactorily reproduce the experimental structure. On the other hand, we investigated the motion of the free DNA fragment d(5'-GTTGCAAC-3') extracted from the docking results without the complex by MD simulation. The detailed structural parameters between two consecutive base pairs in d(5'-GTTGCAAC-3') obtained from the crystal structure and MD results are listed in Table 2 , and the corresponding structures for free DNA are shown in Figure 3 . The MD results indicate a structural evolution characterized by a considerable narrowing of the distance between GC/GC consecutive base pairs (from 7.37 Å to 3.39 Å), while the other distances have no significant changes. Moreover, the larger RMSD values for free DNA with the reference to the initial structure show that the structure of the DNA undergoes a considerable change during the MD simulations (see Figure S6b in SI8). All these results reveal that the initial structure of free DNA is not dynamically stable because of the absence of intercalator in the cavity between GC/GC consecutive base pairs.
To study the effects of intercalation on the complex and DNA, the structures of the free complex and DNA were compared respectively with their corresponding structures extracted from the adduct. As shown in Table 1 , along with the intercalation of complex into DNA, the geometric parameters of the complex change slightly, in which all the key bond lengths are decreased lightly. As shown in Table 2 , the structure of DNA shows large variations in the inserting process, especially in the GC/GC step where a cavity can exist stably in presence of the complex. These respectively, and a polar contact Cu···O2 with the distance of 3.4 Å (see Figure S7b in SI9). These interactions are obvious different from the docking results, which indicates that the MD simulation is necessary for the accurate estimation of intercalation. In addition, the lengthening and unwinding of the DNA due to intercalation is consistent with the increase of DNA viscosity during its interaction with copper complex, and the structural parameters of DNA can help us understand the hydrodynamic result at a molecular level (see Table 2 ).
Theoretical absorption spectroscopy. We firstly investigated the absorption spectra in the presence of DNA according to the existing analytical method. As shown in Figure 4a , the spectra of the complex and adduct are plotted by solid line and dashed lines, respectively. The simulated absorption band for adduct is strong at 320 nm, which is in a satisfying agreement with the experimental absorption band observed about 331 nm. The small difference between calculated spectrum and experimental one was also observed in other TDDFT studies on the intercalation of metal complex into DNA 10.12 . However, when we attempted to interpret the dynamic changing process of UV spectrum based on TDDFT method, we found that the calculated absorption bands of the complex (see red line in Figure 4a ) not only showed a strong hypochromism, but also a large red shift (Δλ ≈ 13 nm) after forming the adduct.
Obviously, the calculated result disagrees with our experimental finding in which only a minor red shift (Δλ ≈ 4 nm) was observed. The large deviation of calculated value from the experimental value is caused by the shortage of the analytical method. As we know, the absorbance of DNA itself is eliminated for measuring the absorption spectra of complex in the experiments, but this factor is not considered in the existing method. In addition, the UV spectra of metallointercalator/DNA interaction system involve the absorbance of free complex and the absorbance of metallointercalator-DNA adduct. Therefore, for accurately predicting the absorption spectra of metallointercalator/DNA intercalation system, we proposed a new mathematical model with the following equation:
Here A adduct, , A complex and A GC, , is respectively the calculated absorbance of adduct, complex and GC/GC base pairs. The a% is the proportion of the intercalated complex in all of complex. As the increase of a value from 0 to 100, it means that the proportion of intercalated complex continuously increases with the gradual adding DNA into complex solution in the experiments.
According to this equation, the spectra were simulated with the gradual increase of a value from 0 to 100 by the step of 10. The simulated absorption spectra are shown in Figure 4b . First of all, we noted that the change of absorption band could be divided into two steps. In the first step, the proportion of intercalated complex increases from 0% to 70%, in which the absorption band presents a strong hypochromism with a slight and slow red shift (Δλ ≈ 6 nm). This changing characteristic of simulated spectra agrees well with our experimental result (see Figure 1a ). In the second step, the proportion of intercalated complex increases from 70% to 100%, in which the absorption band presents a strong hypochromism with a large and fast red shift (Δλ ≈ 7 nm). The fast red shift was not observed in our To further explore the mechanism of these phenomena, the frontier orbitals involved in the electron transitions of the complex and adduct were inspected. The oscillator strengths (f ≥ 0.06), main orbital transition contributions (≥ 10%), computed orbital energies (E/hartree), orbital character and simulated bands of complex and adduct are listed in Table 3 A new analytical method considering the reference solution and the dynamically changing process of the absorption spectrum with the addition of DNA to complex was proposed. According to this method, we successfully simulated the gradual hypochromism and red shift of the absorption spectra for complex/DNA intercalation.
The front part of the simulated absorption bands is in good agreement with our experimental observations. The variation of red shift in the absorption spectra predicted by us is slow first and fast later, which has been presented in some similar reports 19 . We found that the root cause of this phenomenon was the additivity of absorbance in the experiment, and gave a rational explanation for this phenomenon.
The analyses of the frontier orbital reveal that the red shift of the absorption spectra is due to the increase of π orbital energy caused by the coupling of the π orbital of the intercalated ligand with the π orbital of DNA. Moreover, the reason of hypochromic effect of absorption peaks is that the intermolecular (DNA-to-complex) charge transfer is significantly weaker than intramolecular (ligand-to-ligand) charge transfer. These causes of red shift and hypochromism of the absorption spectra is completely different from the previous inference 38 .
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